RNA chaperones are ubiquitous, heterogeneous proteins essential for RNA structural biogenesis and function. We investigated the mechanism of chaperone-mediated RNA folding by following the time-resolved dimerization of the packaging domain of a retroviral RNA at nucleotide resolution. In the absence of the nucleocapsid (NC) chaperone, dimerization proceeded through multiple, slow-folding intermediates. In the presence of NC, dimerization occurred rapidly through a single structural intermediate. The RNA binding domain of heterogeneous nuclear ribonucleoprotein A1 protein, a structurally unrelated chaperone, also accelerated dimerization. Both chaperones interacted primarily with guanosine residues. Replacing guanosine with more weakly pairing inosine yielded an RNA that folded rapidly without a facilitating chaperone. These results show that RNA chaperones can simplify RNA folding landscapes by weakening intramolecular interactions involving guanosine and explain many RNA chaperone activities.
RNA chaperones are ubiquitous, heterogeneous proteins essential for RNA structural biogenesis and function. We investigated the mechanism of chaperone-mediated RNA folding by following the time-resolved dimerization of the packaging domain of a retroviral RNA at nucleotide resolution. In the absence of the nucleocapsid (NC) chaperone, dimerization proceeded through multiple, slow-folding intermediates. In the presence of NC, dimerization occurred rapidly through a single structural intermediate. The RNA binding domain of heterogeneous nuclear ribonucleoprotein A1 protein, a structurally unrelated chaperone, also accelerated dimerization. Both chaperones interacted primarily with guanosine residues. Replacing guanosine with more weakly pairing inosine yielded an RNA that folded rapidly without a facilitating chaperone. These results show that RNA chaperones can simplify RNA folding landscapes by weakening intramolecular interactions involving guanosine and explain many RNA chaperone activities.
O utside the cellular environment or in the absence of chaperone proteins, most RNAs fold via complex pathways involving multiple, long-lived intermediates. RNA chaperone proteins with non-or semispecific RNA binding activities accelerate adoption of the thermodynamically most stable RNA structure by lowering the energetic barriers between RNA states and by facilitating rearrangement of misfolded states (1) (2) (3) (4) . Retroviruses package two RNA genomes in each virus particle (5) . These genomes dimerize near their 5′ ends, and dimerization is catalyzed by an RNA chaperone, nucleocapsid (NC), which is derived from the retroviral Gag protein that coassembles with the viral RNA to generate replication-competent virus (2, 6, 7) . By following the dimerization of a region of the Moloney murine leukemia virus (MuLV) genomic RNA at single-nucleotide resolution, we uncovered a simple mechanism for how a retroviral nucleocapsid chaperone protein functions.
We studied an RNA construct spanning the 170-nucleotide (nt) MuLV dimerization region (8) (9) (10) and including 5′ and 3′ flanking sequences of 46 and 115 nucleotides, respectively. This RNA dimerizes under physiological-like conditions in vitro and has a structure similar to that of genomic RNA isolated from virions (11, 12) . Point mutations in this region of the MuLV genome eliminate its selective packaging into virions (10). We followed dimerization at single-nucleotide resolution using time-resolved, selective 2'-hydroxyl acylation analyzed by primer extension (SHAPE) (13, 14) . A fast-acting reagent, benzoyl cyanide (BzCN), that either reacts to form a 2'-O-adduct at conformationally flexible nucleotides or undergoes rapid self-inactivation by hydrolysis (with a 0.25-s half-life), was used (14) . Each time point, obtained over reactions spanning tens of minutes, thus yields a structural snapshot of~1 s duration.
SHAPE profiles for the initial monomer and final dimer forms agree well with accepted structures for the MuLV dimerization domain ( fig. S1 and text S1). Five key regions underwent largescale structural changes during dimerization (Fig. 1) . The loops of hairpins SL1 and SL2 (positions 329 to 332 and 363 to 366, respectively) were reactive in the monomer and became unreactive during dimerization (within 7 s), consistent with formation of a stable intermolecular loop-loop kissing interaction (15) . Two palindromic sequences, PAL1 (positions 210 to 219) and PAL2 (positions 283 to 298), were initially reactive but became unreactive because of intermolecular duplex formation in the dimer. Conversely, two regions that form the "anchoring helix" (positions 231 to 251 and 290 to 315) in the monomer became more reactive upon dimer formation ( Fig. 1 and fig. S1 ).
We obtained SHAPE data for every nucleotide within the 170-nt MuLV domain in 16 1-s snapshots yielding more than 2700 structural data points. We grouped nucleotides with similar kinetic behaviors by k-means clustering (16) . In the presence of 5 mM Mg 2+ and without a protein chaperone, there were seven distinct kinetic behaviors involving four net rates ( Fig. 2A) . Rates were identical, within error, over a three-fold change in RNA concentration ( fig. S2 ), indicating that most conformational changes reflect pseudo-unimolecular transitions between two interacting RNAs. The fastest rate of ≥5 min -1 ( Fig.  2A ; cluster 1a, in orange on structures at bottom) occurred at nucleotides at the apexes of SL1 and SL2, suggesting formation of a complex between two RNAs before the first time point. PAL1 nucleotides became less reactive at a net rate of 1.6 T 0.4 min -1 ( Fig. 2A , cluster 1b, green on structures). The anchoring helix and PAL2 nucleotides demonstrated opposing kinetic behaviors (rates of 0.30 T 0.03 min -1 ) ( Fig. 2A , clusters 2 and 3, in red), suggestive of a single process involving both structures. Positions in a large, flexible domain (positions 251 to 282) showed slower kinetic behavior with a net rate of 0.11 T 0.02 min -1 ( Fig. 2A, cluster 4 , in black on structures). Finally, nucleotides in clusters 5 and 6 showed biphasic kinetic behavior in which the SHAPE reactivity first increased and then decreased over time, or vice versa, with rates of 1.6 and 0.1 min ysis of the MuLV domain thus reveals that dimerization is complex, slow, and characterized by multiple structurally distinct transitions and intermediates.
We next performed an analogous set of experiments initiating dimerization by simultaneous addition of magnesium ion and the MuLV NC protein. With the addition of chaperone, clustering of the SHAPE data revealed that the NC protein collapsed dimerization into a single kinetic process that occurred at a net rate of 1.6 T 0.4 min -1 (Fig. 2B ). There was no evidence of the slow and multirate processes that characterized the RNA-only reaction. Initial binding interactions between the NC chaperone and RNA monomer were readily detected in a difference analysis in which the SHAPE profile, immediately after NC binding, was subtracted from that of the reactivity profile of the free RNA (Fig. 3A) . Of the 29 nucleotides with the largest changes in SHAPE reactivity, 19 (or 66%) are guanosine residues (Fig. 3, A and B , and text S2), consistent with studies showing that NC contains a cleft that binds guanosine (17) . Sites of protection (positive peaks) likely correspond to sites of stable binding by NC during the 1-s window of the time-resolved SHAPE experiment; the smaller number of guanosine residues with higher reactivity in the presence of NC (negative peaks) likely reflect either a rapid binding and release or NC-induced conformational changes.
The preference of NC to interact at guanosine residues prompted us to consider whether NC exerts its RNA chaperone activity by destabilizing interactions between guanosine and other nucleotides. We explored the dimerization reaction using an RNA in which all guanosine residues were replaced by inosine, in essence removing a single amine group from each guanosine position. Inosine-cytosine pairs are iso-structural with guanosine-cytosine pairs, but are~1 kcal/mol less stable (Fig. 4A) ; inosine also pairs more weakly with uridine than guanosine (18) . The guanosine-to-inosine substitution will thus reduce both the strength and the promiscuity of alternative base pairs during the RNA folding reaction.
The inosine-substituted RNA formed essentially the same final dimer structure as the guanosine-containing MuLV domain as indicated by SHAPE-directed modeling (19) (fig. S3A ), and individual nucleotide SHAPE reactivities for the inosine and native MuLV domain dimers are strongly correlated (R 2 = 0.88) (Fig. 4B ). Although the overall secondary structures for inosine and native RNAs in the monomer states are similar ( fig. S3 , B and C), SHAPE reactivities correlate poorly (R 2 = 0.26) (Fig. 4C) . However, adding NC to the guanosine-containing monomer converts this RNA to a structure that has a SHAPE profile highly similar to that of the inosine RNA monomer (R 2 = 0.87) (Fig. 4D) . The inosine-substituted RNA is thus a good model both for the NC-destabilized native RNA in the monomer state and for the final dimer.
Time-resolved SHAPE analysis of dimerization of the inosine-substituted RNA in the absence of NC revealed a single, fast kinetic step involving similar nucleotides as NC-mediated dimerization of the native sequence RNA (compare Fig. 2B and 2C ). The dimerization rate of the inosine RNA was accelerated by a factor of 7 relative to that of the free native RNA. The NC protein does not affect the structure of the inosine-substituted RNA (Fig. 3C) . A nondenaturing gel-based analysis confirmed that addition of NC protein had no effect on the rate of formation of the final dimer state for the inosinesubstituted RNA ( fig. S4 ). Replacement of guanosine with inosine thus both abrogates most of the need for the RNA chaperone activity of the NC protein and converts the RNA into a form that folds via a simple and direct pathway (compare Fig. 2A and 2C) .
The unwinding domain of the heterogeneous nuclear ribonucleoprotein (hnRNP) A1 protein (UP1) contains an arginine-rich RNA recognition motif and has potent RNA chaperone activity (1, 20) . UP1 has no structural similarity with NC except that both proteins contain clefts that bind guanosine (Fig. 4, E and F ) relative to the RNA alone. Of the initial interaction sites (at~7 s) for UP1 on the native monomer RNA, 52% were guanosine residues (Fig. 3D and text S2 ). The set of guanosines contacted most strongly by UP1 included some but not all of the guanosines contacted by NC (compare Fig. 3B and 3E ). UP1 had no effect on the dimerization rate of the inosine-substituted RNA (Fig. 3F and fig. S4 ). UP1 is not known to play a role in structure rearrangements for the MuLV RNA genome, yet is a potent facilitator of RNA dimerization of the MuLV domain and does so by a mechanism similar to the cognate NC chaperone.
Our data support a model of MuLV genomic dimerization in which two MuLV monomers initially associate rapidly via loop-loop interactions; subsequent steps for RNA-only folding are complex, involve multiple intermediates, and proceed slowly (Fig. 4G ). In the presence of the chaperone, RNA dimerization was accelerated by a factor of more than 10 and appeared to occur in a single kinetic step, indicating that the chaperone function accelerated multiple classes (Fig. 4G ). Our data indicate that RNA chaperones NC and UP1 both act by binding to exposed guanosine residues in RNA, thereby destabilizing stronger base pairings and creating a simplified folding pathway (text S3). The two proteins contact distinct, partially overlapping sets of guanosine residues in their initial interactions with RNA; thus, many possible guanosine-binding activities may support RNA chaperone function. The NC and UP1 chaperones also bind to the final native sequence dimer in patterns that are distinct 
S6). (E and F)
Structures of (E) NC (17) and (F) UP1 (23) chaperones, emphasizing that both have a guanosine-binding pocket and that flanking nucleotides interact in an extended conformation. NC and UP1 bind guanosine in distinct ways involving anti and syn nucleotide conformations, respectively. (G) RNA-only (top) and chaperone-catalyzed (bottom) MuLV genome assembly mechanisms. Net rates are reported for each step. The overall reaction proceeds sequentially as indicated by (i) the change in reaction order (from second to first, yielding a large increase in effective RNA concentration) upon formation of the initial SL1-SL2 kissing interaction in the first step and (ii) the observation of biphasic profiles ( Fig. 2 ) that include both the 1.6 and 0.1 min -1 processes. Evidence for a specific order of the 0.3 min
process is less strong, and this step may occur in parallel with the 0.1 min The histone variant H2A.Z plays key roles in gene expression, DNA repair, and centromere function. H2A.Z deposition is controlled by SWR-C chromatin remodeling enzymes that catalyze the nucleosomal exchange of canonical H2A with H2A.Z. Here we report that acetylation of histone H3 on lysine 56 (H3-K56Ac) alters the substrate specificity of SWR-C, leading to promiscuous dimer exchange in which either H2A.Z or H2A can be exchanged from nucleosomes. This result was confirmed in vivo, where genome-wide analysis demonstrated widespread decreases in H2A.Z levels in yeast mutants with hyperacetylated H3K56. Our work also suggests that a conserved SWR-C subunit may function as a "lock" that prevents removal of H2A.Z from nucleosomes. Our study identifies a histone modification that regulates a chromatin remodeling reaction and provides insights into how histone variants and nucleosome turnover can be controlled by chromatin regulators.
T he H2A.Z histone variant is typically found within nucleosomes that flank promoters of genes transcribed by RNA polymerase II, as well as nucleosomes that flank chromatin boundary elements, centromeres, and replication origins (1-3). These nucleosomes also exhibit rapid, replication-independent turnover, which is thought to function in erasing histone marks, preventing the spread of chromatin states, and ensuring general plasticity of the epigenome (4, 5).
H2A.Z appears to enhance rapid turnover of promoter proximal nucleosomes in yeast (4) , and nucleosomes subject to rapid turnover kinetics are also enriched for histone H3 acetylated at lysine 56 (H3-K56Ac) (6) . H3-K56Ac is also required for enhanced turnover of promoter nucleosomes (6, 7). Recent work indicates that vertebrate gene promoters are also enriched in nucleosomes harboring both H2A.Z and H3-K56Ac, suggesting a conserved regulatory relationship (2, 8, 9) . How they cooperate in this process, though, is not clear.
To test whether nucleosomes that harbor both H2A.Z and H3-K56Ac are inherently unstable, recombinant yeast mononucleosomes were immobilized on streptavidin beads, and nucleosome stability was monitored after exposure to increasing salt concentration ( fig. S1 ). Nucleosomes were reconstituted with either H2A/H2B or H2A.Z/H2B dimers, and with histone H3 that contained either a lysine at position 56 or a glutamine residue to mimic acetylation (H3-K56Q). H3-K56Q had no detectable effect on the stability of the H2A/H2B dimer-H3/H4 tetramer interaction ( fig. S1 , top panels) (10, 11) . By contrast, incorporation of H2A.Z led to a decreased salt stability of both H3 and H3-K56Q mononucleosomes ( fig. S1 , bottom left panel) (12) . However, the combination of H2A.Z and H3-K56Q did not further decrease stability ( fig. S1 , bottom right panel), indicating that this H3 modification does not itself contribute to marked instability of nucleosomes.
The conserved SWR-C chromatin remodeling enzyme controls H2A.Z deposition in yeast (13, 14) , and so we next tested whether H3-K56Ac might regulate its histone exchange activity. Recombinant yeast H2A mononucleosomes that harbored either H3-K56 or H3-K56Q were incubated with purified SWR-C, recombinant H2A.Z/H2B dimers, and adenosine 5´-triphosphate (ATP), and then histone exchange was quantified by a Western blot assay, probing for different epitope-tagged, H2A histones. The integrity of the mononucleosome was analyzed by both Western blotting for H3 and by visualizing DNA (Fig. 1) . SWR-C catalyzed robust deposition of H2A.Z when incubated with the wild-type H2A nucleosomes (14) . By contrast, nearly 80% less H2A.Z was deposited by SWR-C when incubated with the H3-K56Q substrate (Fig. 1A and fig. S2 ).
SWR-C-catalyzed dimer exchange involves at least two coupled steps-ATP-dependent eviction of the H2A/H2B dimer from the nucleosome, followed by deposition of H2A.Z/H2B (15) . We predicted that H3-K56Ac might facilitate both the forward and reverse reactions and might display altered substrate specificity more like that of the related INO80 enzyme (16 
Materials and Methods

Retroviral RNA transcripts
The MuLV RNA fragment analyzed here is 331 nts and spans the dimerization and packaging regulatory domain (~170 nts). The RNA includes 5' and 3' flanking sequences of 46 and 115 nucleotides that facilitate primer extension analysis of SHAPE adducts. This RNA has a structure similar to the same region in authentic genomic RNA isolated from virions (11, 12) . The transcript was synthesized and purified as described (12) . For the inosine-substituted RNA, transcription was performed in the presence of inosine triphosphate instead of guanosine triphosphate.
NC and UP1 proteins
The MuLV retroviral nucleocapsid protein was purified as described (24) . The UP1 open reading frame was amplified by PCR from a vector containing the hnRNP A1 cDNA (GenBank NM002136) and cloned into the Bam HI and Not I sites of pET28a (Invitrogen) to yield an Nterminal (His) 6 -tagged version. UP1 was expressed in BL21(DE3)pLysS E. coli cells (Invitrogen) in 2 L LB using standard approaches. Cells were recovered by centrifugation and resuspended in 100 ml of 10 mM Tris-HCl (pH 7.4), 5 mM β-mercaptoethanol, 200 mM NaCl (supplemented with EDTA-free protease inhibitors; Roche) and lysed by incubation with 1 mg/ml egg-white lysozyme (20 min at 4 °C) and 5 min of sonication (Branson Sonifier 450, 75% duty cycle, tip setting of 6, at 0 °C). This lysate was separated via centrifugation (Beckman SW28 rotor at 131,000 ×g, 1 hr at 4 °C), and the (His) 6 -UP1 protein was affinity purified using 1.0 ml Ni-NTA agarose beads (Qiagen; equilibrated in resuspension buffer overnight at 4 °C). Following three 50 ml washes [in 10 mM Tris-HCl (pH 7.4), 500 mM NaCl, 5 mM β-mercaptoethanol, 5% (v/v) glycerol, 25 mM imidazole], UP1 was eluted from the beads with 10 ml of 10 mM Tris-HCl, 150 mM NaCl, 250 mM imidazole (pH 7.5). The eluate was dialyzed against 4 L 20 mM Hepes (pH 7.4), 0.2 mM EDTA, 10% (v/v) glycerol, 1 mM DTT, 0.1 M KCl overnight at 4 °C using a 10-kDa cutoff dialysis cassette (Thermo Scientific). The protein was quantified by measurement of 280 nm absorbance; aliquoted; flash frozen in liquid nitrogen; and stored at -80°C until use.
Time-resolved SHAPE
MuLV domain RNAs (120 and 40 pmol for the 600 nM and 200 nM reactions, respectively) were renatured in RNase-free water by heating at 95 °C for 3 min in a total volume of 150 µL and cooled on ice for 3 min. The resulting monomers were then equilibrated at 37 °C for 3 min by adding 40 µL of a 5× folding buffer, omitting magnesium ion [50 mM HEPES (pH 7.5), 200 mM potassium acetate (pH 7.5)]. A pre-reaction (0 sec) time point was taken before magnesium ion addition to capture the initial monomer state. Time-resolved SHAPE experiments were then initiated by the addition of MgCl 2 to 5 mM (using 10 µL at 100 mM) at 37 °C, and the RNA structure was interrogated over a time course spanning 7 sec to 1 hr. For each time point, SHAPE modification was performed by adding 9 µL (5.4 and 1.8 pmol for the 600 and 200 nM reactions respectively) of the evolving MuLV RNA reaction to 1 µL BzCN (200 mM in DMSO) at 25 °C; immediate vigorous pipetting ensured mixing. Reaction with BzCN is complete within ~1 sec (13) . No-reaction controls used neat DMSO. RNA was recovered by ethanol precipitation [2.5 vol ethanol, 1 µL glycogen (20 mg/mL), incubation at -20 °C for 60 min, and centrifugation at 20,000 ×g]. Pellets were resuspended in 6 µL 1/2× TE [5 mM Tris, 0.5 mM EDTA (pH 8.0)] buffer. The dimerization reactions in the presence of a saturating amount of NC or UP1 protein (80 µM in 1 µL) were performed identically except the total initial volume of RNA in water was 149 µL and the proteins were added as a mixture with magnesium (11 µL total volume). For reactions containing NC or UP1, after SHAPE modification, bound protein was removed by digestion with proteinase K [60 µg (Invitrogen); 10 min, 37 °C] followed by extraction with phenol:chloroform:isoamyl alcohol (25:24:1) prior to ethanol precipitation.
Optimal concentration of NC to facilitate dimerization
The equilibrium dissociation constant for NC binding to short sequences containing guanosine is 100-400 nM (17) , and thus most of the NC protein is likely bound under the conditions used in our experiments. We determined the concentration of NC that yielded the largest acceleration of the MuLV dimerization reaction empirically. Observed dimerization rates increased as the NC concentration was increased from 2 to 8 µM and did not increase further as the concentration was increased to 16 µM. An 8 µM NC concentration was therefore chosen as the standard condition for these experiments.
Primer extension and data processing
MuLV primers (5'-GGUGC ACCAA AGAGU CCAAA AGC-3', LNA nucleotides are underlined, 5'-end labeled with 5-FAM or 6-JOE) were complementary to the 3' end of the MuLV dimerization domain (nucleotides 422 to 445) (25) . Primers (1 µL; 10 pmol) were annealed to MuLV domain RNA (6 µL; 5.4 pmol in 1/2× TE buffer) by heating at 65 °C and 45 °C for 5 min each and then were snap-cooled on ice. Reverse transcription buffer [3 µl; 200 mM Tris (pH 8.0), 250 mM KCl, 10 mM MgCl 2 , 2 mM each dNTP, 20 mM DTT] was added at 0 °C, and primer extension was performed with Superscript III (Invitrogen) reverse transcriptase (0.5 µl; 100 U) at 45 °C for 1 min, followed by incubation at 52 °C and 65 °C for 10 min each. Reactions were quenched by addition of 3 M sodium acetate (pH 5.2) and cooling to 4 °C. A sequencing marker was generated by adding 0.5 µL ddGTP (10 mM) to the primer extension reaction mixture using unmodified RNA. The BzCN and DMSO reaction mixes were each combined with equal amounts of ddGTP-terminated sequencing ladders, precipitated with ethanol, and resuspended in deionized formamide (10 µL). cDNA fragments were resolved on an Applied Biosystems 3130 capillary electrophoresis (CE) instrument. Time-resolved SHAPE data were processed using QuShape (26) (available at chem.unc.edu/rna/qushape). The initial raw sequence trace was corrected for dye variation and signal decay. Peak intensities were scaled, aligned, integrated, and normalized using a suite of optimized statistical algorithms. After analysis of the reference trace, subsequent time points were automatically analyzed by alignment to the saved project file as a reference trace (26) . Each CE separation contained a reaction performed in the presence or absence of BzCN (labeled with 5-FAM) and a sequencing reaction (labeled with 6-JOE) performed using ddGTP.
RNA structure modeling
To develop secondary structure models for intermediate states, SHAPE reactivity information was used to impose a pseudo-free energy change constraint in conjunction with nearest neighbor thermodynamic parameters in the secondary structure modeling program RNAstructure (19, 27) . To develop approximate secondary structure models for the inosinesubstituted RNA (Fig. S3) , we replaced guanosine nearest-neighbor parameters with their corresponding inosine parameters in a modified version of RNAstructure; loop and bulge parameters used the existing values for guanosine. A-U, G-C, G-U, and I-U nearest neighbor parameters were reported previously (18, 22, 28) . I-C nearest neighbor parameters were calculated as described (18) . Average nearest neighbor free energy change contributions (∆G°3 7 ) and standard deviations (Fig. 4A) were calculated from all possible nearest neighbor combinations containing the base pair of interest (G-C, I-C, or A-U) adjacent to a Watson-Crick pair.
k-means clustering SHAPE profiles were sorted by individual nucleotide kinetic behaviors by k-means clustering using Cluster 3.0 (16) . We employed the following kinetics-specific features: (i) under the kmeans option, we organized the kinetic data for each nucleotide by rows (termed "genes" in Cluster); (ii) under the Adjust Data option, we used Normalize Genes; and (iii) we used the absolute correlation (uncentered) similarity metric to organize each row (or nucleotide-specific kinetic dataset). Clusters were visualized using TreeView (16) [M. Eisen, Cluster and TreeView online manual (1998)]. To determine the optimal number of clusters, k-means clustering was initially performed starting from k = 2 through 10 (9 trials total). For each k value, clustering was reiterated both 100 and 1000 times, the optimal solutions were found twice, and the clustering solution with the smallest sum of within-cluster distances was accepted. The optimal cluster number for each experiment was chosen independently of the initial k value. For example, for the RNA-alone reactions, seven clusters were apparent in the optimal solution, which occurred at k = 7. Seven was also the optimal number of clusters when higher k values (including k = 8, 9, and 10) were initially input. Forced division of the data by k values >7 resulted in overcategorizing nucleotides with slightly varying reactivities (net reactivity changes of less than 0.2 SHAPE units) as having a distinctive kinetic behavior. For the NC, UP1 facilitated, and inosine variant RNAs, the same procedure for finding the optimal number of clusters consistently yielded an optimal solution at k = 3. Further increasing the k value in the initial search did not result in formation of any apparent new clusters. For most clusters, observed rates for individual nucleotides were the same, within error. In the case of cluster 1, the kinetic profiles were characterized by two fast rates; this cluster was divided into two groups, 1a and 1b. For each grouping, net rates are reported as the mean ± standard deviation over all nucleotides in the cluster.
Dimerization followed by non-denaturing electrophoretic mobility shift
The native MuLV domain RNA, internally labeled with 32 P (~0.5 nM), was mixed with unlabeled RNA (600 nM in 15 µL of water). Reactions were treated exactly as per the time-resolved SHAPE experiments, outlined above. Briefly, samples were heated to 95 °C to denature, rapidly cooled on ice, and equilibrated with 5 µL of a 5× folding buffer without magnesium ion [50 mM HEPES (pH 7.5), 200 mM potassium acetate (pH 7.5), at 37 °C]. The reaction was initiated by the addition of MgCl 2 to 5 mM (5 µL, 25 mM) at 37 °C, for a final volume of 25 µL. Time point aliquots (3 µL) were mixed with 5 µL of 30% (v/v) glycerol (containing marker dyes), loaded directly onto a running non-denaturing gel (5% polyacrylamide; 29:1 acrylamide/bisacrylamide, in TBE; 0.4 mm × 28.5 cm × 23 cm gel), and resolved by electrophoresis at 4 °C for 2 h at 20 W. Observed rates are reported as the mean ± standard deviation from three independent experiments.
Supporting Text
Text S1: SHAPE profiles for the initial monomer and final dimer forms agree well with accepted structures for the MuLV dimerization domain, including those obtained using authentic genomic RNA (10, 12, 25) (Fig. S1 ). Nucleotides with high SHAPE reactivities are conformationally dynamic (29, 30) and generally occur in single-stranded regions of the RNA secondary structure (Fig. S1, red nucleotides) . Conversely, nucleotides with low SHAPE reactivities (Fig. S1, black) tend to be base paired. Each time point is effectively a structural snapshot of ~1 second duration. These 1-second snapshots are sufficient to monitor many features of RNA dynamics; however, there are also likely to be additional features of the reaction that occur more rapidly than measured here.
Text S2:
In the dimerization domain, 50 of 170 nts (29%) of residues are guanosine, such that the observed preferential interactions with 66% and 52% of guanosine by NC and UP1 (Fig. 3) , respectively, are greater than expected by chance; p-values (exact binomial test) are 0.00005 and 0.02, respectively. In addition, for both proteins, each of the seven most strongly protected nucleotides (positive amplitudes in Figs. 3A and 3D) are guanosine.
Text S3:
The NC and UP1 chaperone exhibited all of the activities attributed to non-specific RNA-binding chaperone proteins -including RNA annealing, strand exchange, destabilization of intermediates, facilitating complex structural rearrangements, and the ability to act on large RNA regions simultaneously (1, 3, 4) (and see Figs. 2 and S6), and were largely mediated by interactions between NC or UP1 and guanosine nucleotides. The guanosine-centric mechanism outlined here imposes very few requirements on a potential RNA chaperone, primarily that it contains a binding pocket for guanosine (see Figs. 4E and 4F), and therefore is likely to apply to a wide variety of chaperone proteins. There are other mechanisms by which RNA chaperones can function, however. These include via ATP-dependent mechanisms (31), as macromolecular complexes (32), and as non-specific RNA binding proteins that interact locally with RNA via mechanisms that are independent of guanosine nucleotides. Figure S1 : Secondary structures of monomer and dimer states. Nucleotides are colored by SHAPE reactivity. RNA motifs that undergo the largest structural changes during dimerization are labeled. For clarity, only one strand of the dimer is colored. 
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